Bin1/M-amphiphysin-II is an amphiphysin-II isoform highly expressed in transverse tubules of adult striated muscle and is implicated in their biogenesis. Bin1 contains a basic unique amino-acid sequence, Exon10, which interacts with certain phosphoinositides such as phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ), to localize to membranes. Here we found that Exon10 also binds to the src homology 3 (SH3) domain of Bin1 itself, and hence blocks the binding of the SH3 domain to its canonical PxxP ligands, including dynamin. This blockage was released by addition of PI(4,5)P 2 in vitro or in cells overexpressing phosphatidylinositol 4-phosphate 5-kinase. The Exon10-binding interface of the Bin1 SH3 domain largely overlapped with its PxxP-binding interface. We also show that the PLCd pleckstrin homology domain, another PI(4,5)P 2 -binding module, cannot substitute for Exon10 in Bin1 function in transverse tubule formation, and suggest the importance of the dual biochemical properties of Exon10 in myogenesis. Our results exemplify a novel mechanism of SH3 domain regulation, and suggest that the SH3-mediated protein-protein interactions of Bin1 are regulated by Exon10 so that it may only occur when Bin1 localizes to certain submembrane areas.
Introduction
The src homology 3 (SH3) domain is a noncatalytic proteinprotein interaction module found in a great variety of cytoplasmic and membrane-associated proteins, such as signaling adaptors, cytoskeleton-associated proteins and proteins with enzymatic activity. The SH3 domain has a hydrophobic shallow groove defined by conserved aromatic residues on one side of its structure, which serves as the binding surface to proline-rich peptides of an all-trans left-handed polyproline type II helix with the minimal consensus PxxP (Mayer, 2001; Musacchio, 2003) . PxxP ligands bind with low affinity but this may be enhanced by multiple interactions. It has been thought that SH3 domains may have general functions such as increasing local protein concentration, altering protein subcellular localization or mediating the assembly of multiprotein complexes. SH3 domains in a few proteins, on the other hand, have been shown to bind to non-PxxP peptides, such as PxxDY, RKxxYxxY, WxxxFxxLE and RxxK, in which peptides interact with areas either distinct or overlapping with the PxxP-binding site (Lock et al, 2000; Mayer 2001 ; Kami et al, 2002; Berry et al, 2002; Latour et al, 2003) . Although isolated SH3 domains can bind constitutively to their cognate ligands in vitro, some SH3-binding reactions have been suggested to be regulatable in vivo (Mayer, 2001; Musacchio, 2003) .
Amphiphysin possesses an NH 2 -terminal BAR domain and a COOH-terminal SH3 domain . Mammals possess two amphiphysin genes, amphiphysin-I and II. Amphiphysin-I is a neuronal protein enriched in nerve terminals and is likely to be involved in endocytosis, and was originally identified as a human autoantigen in paraneoplastic Stiff-man syndrome (David et al, 1996) . Amphiphysin-II is widely expressed in different tissues, and is most highly expressed in the brain and striated muscle (Butler et al, 1997) . Amphiphysin-II consists of greater than six isoforms generated by alternative mRNA splicing, all of which contain the common COOH-terminal SH3 domain (Ramjaun and McPherson, 1998) , by which amphiphysin-II binds to canonical PxxP sequences of other proteins, such as synaptojanin and dynamin2 . Amphiphysin-II isoforms bearing the clathrin-and AP-2-binding sites, such as amphiphysin-IIa, have been suggested to be involved in the late stage of endocytosis in brain (Butler et al, 1997; Wigge and McMahon, 1998) . In contrast, amphiphysin-II isoforms without the clathrin-and AP-2-binding sites, such as Bin1, whose expression is highly induced during C2C12 differentiation in myogenesis (Wechsler-Reya et al, 1998) , are thought to be involved in the membrane remodeling of excitation-contraction coupling machinery in muscle (Butler et al, 1997; Razzaq et al, 2001) . Lee et al (2002) have shown that Bin1 is involved in transverse tubule (T-tubule) biogenesis in striated muscle. T-tubules are specialized invaginations of the plasma membrane that serve to propagate action potentials to the interior of muscle fibers (Flucher, 1992) . Morphological studies have suggested that T-tubules are formed by a process similar to endocytosis, which is however not accompanied by the pinching-off of vesicles (Ishikawa, 1968) . Bin1 contains a basic amino-acid sequence (RKKSKLFSRLRRKKN) encoded by exon10 (hereafter this module is called Exon10), which is unique to Bin1 among the known amphiphysin-II isoforms (Ramjaun and McPherson, 1998) . Lee et al (2002) have also shown that Exon10 can associate with certain phosphoinositides, such as phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ), but not with phosphatidylinositol-3,4-bisphosphate, phosphatidylinositol-3,5-bisphosphate (PI(3,5)P 2 ), phosphatidylserine (PS) or phosphatidylinositol. T-tubules are rich in PI(4,5)P 2 , and interaction of Exon10 with PI(4,5)P 2 appears to be crucial for localization of Bin1 to T-tubules (Lee et al, 2002) .
In this study, we found that besides phosphoinositides, Exon10 also has affinity toward SH3 domain of Bin1 itself, and acts to mask the SH3 domain from binding to its canonical PxxP ligands. Our results indicate that binding of the Bin1 SH3 domain to PxxP ligands is regulated by Exon10 so that it only occurs when Bin1 is localized to certain membrane areas via the binding of Exon10 to phosphoinositides. We also provide evidence supporting that such dual properties of Exon10 are important for normal T-tubule formation in myogenesis.
Results

Exon10 acts to block the binding of Bin1 to dynamin2 in vitro
Bin1 is an amphiphysin-II isoform generated by alternative mRNA splicing. During our study of amphiphysin-II isoforms involved in endocytosis, we found that Bin1 does not bind to the proline-rich domain (PRD) of dynamin2 in vitro, while other isoforms, such as amphiphysin-IIm (IIm), bind strongly (data not shown; see Figure 1 ). Bin1 is a close isoform of amphiphysin-IIm: both have the COOH-terminal SH3 domain responsible for PxxP binding, but lack the clathrin-and AP-2-binding sites (see Figure 1A) . However, Bin1 is unique in that it is the only isoform bearing Exon10 (Ramjaun and McPherson, 1998) . We thus tested whether the presence of Exon10 causes the absence of binding to the PRD of dynamin2. SH3P9 is a naturally occurring Exon10-deleted isoform of Bin1 (see Figure 1A) . We also made a mutant form of amphiphysin-IIm in which Exon10 was inserted (IIm þ Exon10; Figure 1A ). To examine the in vitro binding ability of these proteins with dynamin2, we expressed Bin1, SH3P9, amphiphysin-IIm and the IIm þ Exon10 mutant in COS-7 cells, and the cell lysates were incubated with GST-tagged dynamin2, produced in COS-7 cells and purified on glutathione beads. As shown in Figure 1B , SH3P9 and amphiphysin-IIm bound to GST-dynamin2, while Bin1 and the IIm þ Exon10 mutant did not. Although there is another splicing difference between Bin1 and amphiphysin-IIm (see Figure 1A ), results using these four constructs indicate that the presence of Exon10 is primarily responsible for the inability of Bin1 to bind to dynamin2 in vitro.
The amphiphysin-II SH3 domain not only binds to the dynamin2 PRD but also binds to PRDs of other proteins, such as synaptojanin and AMAP2 (also called PAG3 or Papa; Hashimoto et al, 2004) . We then examined whether the presence of Exon10 in Bin1 also acts to block its binding to AMAP2 in vitro. As shown in Figure 1B , we found that Bin1 does not bind to GST-AMAP2, while SH3P9 binds strongly. Similarly, the IIm þ Exon10 mutant did not bind to GST-AMAP2, while wild-type amphiphysinIIm bound strongly ( Figure 1B) . Therefore, Bin1 acts similarly with regard to its binding to AMAP2 and dynamin2 in vitro.
Possible binding of Exon10 with the Bin1 SH3 domain
We then explored the underlying mechanism as to how the presence of Exon10 acts to block the binding of Bin1 to other proteins via its SH3 domain. For this purpose, we divided Bin1 into two regions-only the SH3 domain, tagged with GST, and the rest of the protein (Bin1DSH3), tagged with the His-Xpress tag-and tested their binding in vitro. As a control, we also made an SH3-deleted mutant of SH3P9 (SH3P9DSH3) tagged with the His-Xpress tag. We found that His-XpressBin1DSH3 binds strongly to GST-Bin1 SH3, while His-Xpress-SH3P9DSH3 does not (Figure 2A) . Therefore, the presence of Exon10 appears to render Bin1DSH3 the ability to physically interact with the SH3 domain of Bin1.
To examine the specificity of Exon10 as well as the biochemical nature of this binding, we next made mutants of Exon10 in which basic amino-acid clusters at the NH 2 -and COOH-termini, and nonpolar amino acids located near the center, were each mutated to alanines or serines (Nm, Cm, NCm and LFLm; Figure 2B ). These His-Xpress-Bin1DSH3 proteins with mutated Exon10 sequence were then expressed in COS-7 cells and examined for their binding to GST-Bin1 SH3 in vitro. We found that the Nm and Cm mutations both partially block the binding to GST-Bin1 SH3, and the NCm mutation blocks the binding almost completely ( Figure 2B ). In vitro binding of Bin1 and its related proteins to GST-dynamin2 and GST-AMAP2. A 5 mg portion of GST-dynamin2, GST-AMAP2 or GST alone was incubated with 250 mg of COS-7 cell lysate each expressing His-Xpress-tagged Bin1, SH3P9, IIm and IIm þ Exon10, and coprecipitated proteins were analyzed by immunoblotting using an anti-Xpress antibody. Total includes 20 mg of the cell lysates. Fulllength GST-dynamin2 and full-length GST-AMAP2, expressed in COS-7 cells and purified on glutathione beads, were used. GST was produced in E. coli and purified on glutathione beads.
The LFLm mutation, on the other hand, did not affect the binding ( Figure 2B ). Therefore, both the NH 2 -and COOHterminal basic amino-acid clusters of Exon10, but not the central nonpolar residues, appear to be involved in the binding of Bin1DSH3 to the Bin1 SH3 domain.
Competition of the Exon10 peptide with the dynamin PxxP peptide for binding to the Bin1 SH3 domain To further explore the nature of the Exon10-mediated binding of Bin1DSH3 to the Bin1 SH3 domain, we next examined whether this binding competes with the binding of the dynamin PxxP peptide to the Bin1 SH3 domain. For this purpose, GST-Bin1 SH3 was preincubated with a synthetic 15-amino-acid-long peptide of Exon10, RKKSKLFSRLRRKKN, or the dynamin PxxP peptide, PPQVPSRPNRAPPGV (Owen et al, 1998) , and then incubated with lysate from COS-7 cells expressing His-Xpress-Bin1DSH3. Under our condition in which the Exon10 peptide blocks His-Xpress-Bin1DSH3 binding to GST-Bin1 SH3, we found that the dynamin PxxP peptide also completely blocks the binding ( Figure 2C, upper panel) . COS-7 cells express endogenous dynamin2. Both the Exon10 and the PxxP peptides also blocked GST-Bin1 SH3 binding to dynamin2 ( Figure 2C , lower panel). The NCm mutant of the Exon10 peptide, used as a negative control, did not block these bindings ( Figure 2C ). Thus, Exon10 and the dynamin PxxP peptide appear to act competitively with each other in their binding to the Bin1 SH3 domain.
The crystal structure of the Bin1 SH3 domain has been reported, and mutation of His30 into serine (the H30S mutant) has been shown to abolish its binding to the dynamin PxxP peptide (Owen et al, 1998) . Under our condition in which the H30S mutation of GST-Bin1 SH3 abolished its binding to GFP-dynamin2 almost completely, we found that this mutation only partially affects its binding to His-XpressBin1DSH3 ( Figure 2D ). Thus, the binding interfaces of the Bin1 SH3 domain to Bin1DSH3 and to the dynamin PxxP peptide appear to be nonidentical.
Direct interaction of Exon10 with the Bin1 SH3 domain, and the large overlap in its binding site with the dynamin2 PxxP-binding site
We next tried to examine the direct interaction between Exon10 and the Bin1 SH3 domain. As mentioned earlier, were synthesized on a membrane, and hybridized with radiolabeled GST-Bin1 SH3 or GST alone. In (A-D), proteins co-precipitated with GST fusion proteins were analyzed by immunoblotting using antibodies against each tag, or an anti-dynamin antibody, as indicated. Total includes 20 mg of the cell lysates used in each assay. In the lower panel in (C), binding of endogenous dynamin2 with GST-Bin1 SH3 was also analyzed. several SH3 domains have been shown to bind to basic motifs with the critical sequence RxxK, and this sequence is in fact present in Exon10. We first performed a surface plasmon resonance assay using BIACORE to examine their interaction. The above-described synthetic peptides for Exon10 and dynamin2 PxxP were analyzed for their interaction with GSTBin1 SH3, and a synthetic peptide of the Exon10 NCm was used as a negative control. In this assay, we detected significant plasmon resonance signals between the Exon10 peptide and GST-Bin1 SH3 (data not shown). However, the levels of the resonance signals were much lower than those observed between the dynamin2 PxxP peptide and GST-Bin1 SH3, and were too weak to reach a plateau to calculate rate constants of the kinetics. We then assessed their direct binding by synthesizing a similar set of peptides, corresponding to Exon10 (wt), its NCm mutant (NCm) and the dynamin PxxP peptide (dyn), on a filter membrane and incubating them with radiolabeled GST-Bin1 SH3. As shown in Figure 2E , the Exon10 peptide itself exhibited detectable binding to the Bin1 SH3 domain. However, the binding of Exon10 appeared to be much weaker than the binding of the dynamin PxxP motif to the Bin1 SH3 domain, consistent with the abovementioned results of the surface plasmon resonance assay.
We then analyzed the interaction between Exon10 and the Bin1 SH3 domain by NMR. The simplest and most popular approach to detect such interactions is to measure chemical shift perturbations, in which the amide chemical shifts in (Ikegami et al, 1998) .
The locations of resonances that undergo chemical shift perturbations are then mapped onto the tertiary structure of the protein, which represent the putative binding site. We succeeded in assigning the amide resonances in the main chain using a series of three-dimensional NMR experiments with the help of the data described by Pineda-Lucena and Arrowsmith (2001). We then measured chemical shift perturbations of 15 N-labeled Bin1 SH3 domain in the presence of the Exon10 peptide or the dynamin PxxP peptide. From these analyses, we determined the binding site of the dynamin PxxP peptide on the Bin1 SH3 domain, which was almost the same as reported previously (Owen et al, 1998) . We also found that Exon10 interacts directly with the Bin1 SH3 domain, and the binding site for Exon10 largely overlaps with that for the PxxP motif (Figure 3) . Moreover, comparison of scales of the perturbations with and without NaCl indicated that Exon10 binds to the Bin1 SH3 domain more strongly under salt-free conditions than under 150 mM salt condition, while the opposite was seen in the case of the PxxP peptide (Figure 3) . Therefore, the nature of the binding of the Exon10 peptide and the PxxP peptide to the Bin1 SH3 domain appears to be different: Exon10 mostly electrostatically, while the PxxP peptide may bind hydrophobically, although they appear to bind to very similar sites of the Bin1 SH3 domain.
Amphiphysin-II plays a crucial role in receptor-mediated endocytosis such as that of the transferrin (Tfn) receptor, and it has been shown that overexpression of the Bin1 SH3 domain blocks the uptake of Tfn (Wigge et al, 1997) . To obtain evidence for the interaction of Exon10 with the Bin1 SH3 domain in vivo, we next microinjected the Bin1 SH3 domain and the Exon10 peptide into COS-7 cells. As shown in Figure 4 , coinjection of the Exon10 peptide was able to alleviate the Bin1 SH3 domain-mediated inhibition of Tfn uptake. Microinjection of the Exon10 peptide itself also acted to block the Tfn uptake, which is likely due to the inhibition of SH3-mediated protein interactions of endogenous amphiphysin-II proteins.
PI(4,5)P 2 allows Bin1 to bind to dynamin
The primary structure of Exon10 is very similar to that of the PI(4,5)P 2 -binding motif, K/RxxxxKxK/RK/R (Martin, 1998) . Lee et al (2002) have shown that the amino acids 1-282 of Bin1 (the BAR* domain) bind to phosphoinositides such as PI(4,5)P 2 . The BAR* domain contains Exon10, and Exon10 has been shown to be primarily responsible for this binding (Lee et al, 2002) . We then examined whether the binding of phosphoinositides to Exon10 affects its binding to the Bin1 SH3 domain. Bin1DSH3 (amino acids 1-373 of Bin1) includes the BAR* domain, and we confirmed that Bin1DSH3 exhibits similar binding to phosphoinositides, as reported for the BAR* domain (data not shown). We expressed His-XpressBin1DSH3 in COS-7 cells, and purified the protein using nickel beads. After elution from the beads, His-XpressBin1DSH3 proteins were incubated with liposomes containing phosphoinositides, and then with GST-Bin1 SH3.
Immunoblotting of proteins co-precipitating with GST-Bin1 show perturbation in 150 mM NaCl. The figures were created with the CHIMERA software (Huang et al, 1996) . SH3 revealed that preincubation with PI(4,5)P 2 -containing liposomes significantly inhibits binding of Bin1DSH3 to the Bin1 SH3 domain, while preincubation with PI(3,5)P 2 or PS did not notably affect the binding ( Figure 5A ). PI(3,5)P 2 and PS do not bind to the BAR* domain (Lee et al, 2002) nor to Bin1DSH3 (data not shown). Therefore, PI(4,5)P 2 binding to Exon10 appears to be competitive with the binding of Exon10 to the Bin1 SH3 domain. On the other hand, inositol 1,4,5-trisphosphate did not affect binding of the Bin1DSH3 region to the Bin1 SH3 domain (data not shown).
We next examined whether phosphoinositides affect the binding of full-length Bin1 to full-length dynamin2 in vitro. As a control, full-length SH3P9 was used, which does not possess Exon10. Purified full-length His-Xpress-Bin1 or His-Xpress-SH3P9 proteins were prepared as above, and incubated with liposomes and then with full-length GSTdynamin2. We found that full-length Bin1 gains the ability to bind to full-length dynamin2 in the presence of PI(4,5)P 2 , while PI(3,5)P 2 and PS could only weakly exert such an effect ( Figure 5B, upper panel) . In contrast, binding of SH3P9 to dynamin2 was not notably affected by any of these phosphoinositides or PS ( Figure 5B, lower panel) . Dynamin uses its pleckstrin homology (PH) domain for phosphoinositide binding. To avoid the possibility that the above interaction of dynamin2 and Bin1 was due to the liposome-mediated bridging of these two proteins, we confirmed that GST-dynamin2 PRD also binds to Bin1 in the presence of PI(4,5)P 2 ( Figure 5B ). Therefore, PI(4,5)P 2 appears to have the ability to release the Bin1 SH3 domain from Exon10, and allow the Bin1 SH3 domain to bind to the PxxP ligand of dynamin2.
We then investigated whether such phosphoinositidemediated regulation of Bin1 SH3 binding can occur in vivo. A large fraction of intracellular PI(4,5)P 2 is generated by phosphatidylinositol 4-phosphate 5-kinase (PI(4)P5K) activity (Yin and Janmey, 2003) . Overexpression of PI(4)P5Ks, such as PI(4)P5Kb, in COS-7 cells has been shown to They were then incubated with 4 mg of GST-dynamin2 or 10 mg of GST-dynamin2 PRD or GST alone, to test the binding. (C) Regulation of binding of the Bin1 SH3 domain by phosphoinositides in COS-7 cells. COS-7 cells were expressed with wild-type myc-PIP5Kb (WT), its kinase-dead mutant (KD) or the empty vector (vector), with GSTdynamin2 plus His-Xpress-Bin1 or His-Xpress-SH3P9, as indicated. After in situ crosslinking using DSP (upper panels) or without crosslinking (lower panels), GST-dynamin2 was pulled down with glutathione beads from 500 mg of cell lysate and co-precipitating proteins were analyzed as described in Materials and methods. A control also included GST instead of GST-dynamin2. In (A-C), proteins co-precipitated with GST fusion proteins or GST alone were analyzed by immunoblotting against each tag, as indicated. Total includes 20 mg of cell lysate.
significantly augment cellular levels of PI(4,5)P 2 (Davis et al, 1997) . We overexpressed myc-tagged PI(4)P5Kb (WT) in COS-7 cells, together with GST-dynamin2 and His-XpressBin1. A myc-tagged kinase-dead mutant of PI(4)P5Kb (KD) and an empty vector (vector) were included as controls. To detect intracellular protein binding, we treated cells with membrane-permeable dithiobis-succinimidylpropionate (DSP) to crosslink cellular proteins. Cells were then first solubilized in a 1% SDS solution to avoid nonspecific protein binding. As shown in the upper panels of Figure 5C , amounts of His-Xpress-Bin1 co-precipitated with GST-dynamin2 were remarkably augmented when PI(4)P5K was overexpressed, as compared to those in control cells expressing the KD mutant or an empty vector. Co-precipitation of His-Xpress-SH3P9 with GST-dynamin2, which we used as another control, was not affected by PI(4)P5K overexpression, and the proteins constitutively bound to each other even in cells expressing the KD mutant or an empty vector ( Figure 5C , upper panels). Such co-precipitation was not seen when cells were not treated with DSP ( Figure 5C , lower panels). These results are consistent with the notion that intracellular PI(4,5)P 2 allows the binding of Bin1 to dynamin2, in which Exon10 plays an important role.
Exon10 in myogenesis
Our results and previous literature indicate that Exon10 has dual biochemical properties: one is to bind to certain phosphoinositides, and the other is to bind to the SH3 domain of Bin1 itself to mask its binding to PxxP ligands. Thus, one can envisage that such dual properties of Exon10 may play a role in regulating the binding of the Bin1 SH3 domain so that it may occur only when Bin1 binds to certain phosphoinositides. However, one question still remained: why does Exon10 have to possess the property to mask the SH3 domain of Bin1 itself until being bound to phosphoinositides? SH3 domains of other proteins, for example those of Cool-1 and Cool-2, which possess the PH domain for phosphoinositide binding, can bind to their PxxP ligands even in the absence of phosphoinositides (Manser et al, 1998; Fuentes et al, 2003) . Therefore, binding of the SH3 domains of these proteins does not appear to be regulated by phosphoinositides, unlike in the case of the Bin1 SH3 domain. We analyzed the necessity of the dual properties of Exon10, rather than simply being able to bind to PI(4,5)P 2 , for Bin1 function. Bin1 expression and high levels of PI(4,5)P 2 production are simultaneously induced during differentiation of C2C12 cells (Wechsler-Reya et al, 1998; Lee et al, 2002) . T-tubules are rich in PI(4,5)P 2 , and interaction of Exon10 with PI(4,5)P 2 appears to be crucial for the localization of Bin1 to T-tubules (Lee et al, 2002) . On the other hand, the PH domain of PLCd also exhibits a high and specific affinity to PI(4,5)P 2 , and it has been demonstrated that GFP-tagged PLCd PH domain localizes to T-tubules in differentiated C2C12 cells (Lee et al, 2002) . We made a Bin1 swap mutant in which Exon10 was replaced by the PH domain of PLCd. This swap mutant, when tagged with GST, retained a similar activity in vitro to bind to PI(4,5)P 2 -containing liposomes, as did GST-PLCd PH (data not shown). Small interfering RNA (siRNA)-mediated knock-down of Bin1 protein expression in C2C12 cells has previously demonstrated the necessity of Bin1 for T-tubule biogenesis (Lee et al, 2002) . We expressed wild-type Bin1, its swap mutant and SH3P9 (an Exon10-deleted form of Bin1) using the adenovirus-mediated cDNA transfer method in C2C12 cells, which had been subjected to serum starvation to induce differentiation and which were pretreated with a Bin1 siRNA duplex. We used Bin1 cDNA of human origin, which does not contain the target sequence of the mouse Bin1 siRNA duplex used to knock down endogenous expression in C2C12 cells. We found that expression of caveolin3, a marker for myogenesis and T-tubules (Tang et al, 1996; Parton et al, 1997) , was still induced in the Bin1 siRNAtreated cells after differentiation ( Figure 6A ), unlike a previous report in which Bin1 knock-down abolished caveolin3 expression (Lee et al, 2002) . This difference may be due to the different timing of Bin1 siRNA treatment between these two experiments. Bin1 siRNA-treated C2C12 cells expressing exogenous Bin1, the swap mutant or SH3P9 also expressed caveolin3 after differentiation ( Figure 6A ). Expression of dynamin2 was neither affected by Bin1 siRNA treatment nor by the expression of any of these cDNAs ( Figure 6A ). Nevertheless, T-tubule formation seemed to be severely affected by knock-down of Bin1 expression, and was not restored by expression of the swap mutant or SH3P9, while it was restored by expression of wild-type Bin1 ( Figure 6B ). The subcellular localization of these two proteins, the swap mutant and SH3P9, did not indicate a normal morphology of T-tubules in almost all of the differentiated cells. Staining of these cells with caveolin3 also indicated that most of the cells failed to generate normal T-tubule structures ( Figure 6B ). These results indicate the necessity of Exon10 for T-tubule formation, and suggest that the ability of the PLCd PH domain to bind to PI(4,5)P 2 is not enough to compensate for the role played by Exon10 in T-tubule formation. These results are consistent with our notion that the dual properties of Exon10, rather than the property of simply binding to certain phosphoinositides, are important for the cellular function of Bin1.
Discussion
In this report, we found a novel function of Exon10, a 15-amino-acid-long peptide rich in basic amino acids unique to Bin1. Exon10 has previously been shown to bind to certain phosphoinositides. We found here that Exon10 also possesses the ability to interact directly with the SH3 domain of Bin1 itself. We suggest that Exon10 thereby acts to mask the SH3 domain from binding to other proteins until Exon10 is occupied by phosphoinositides. Conversely, it may also be possible that binding of the Bin1 SH3 domain to PxxP ligands regulates the binding of Bin1 to phosphoinositides. We also provided evidence supporting that the dual properties of Exon10 are important for Bin1 function in T-tubule formation.
Our NMR analyses indicate that the site of binding of Exon10 to the Bin1 SH3 domain largely, although not completely, overlaps with that of the canonical PxxP-binding site of dynamin2. Our biochemical results fully support this model. We showed that the Exon10 peptide competes with the dynamin2 PxxP peptide in binding to the Bin1 SH3 domain. We also showed, on the other hand, that the H30S mutant of the Bin1 SH3 domain, which is unable to bind to dynamin2, can still bind to the Exon10-containing Bin1DSH3 fragment. However, the physicochemical nature of binding of these two peptides is different. By analyzing chemical shift perturbations of the NMR signals, we showed that the interaction between Exon10 and the Bin1 SH3 domain weakens upon an increase in environmental salt concentration, while in contrast the interaction between the PxxP peptide and the Bin1 SH3 domain is strengthened in the presence of salt. The latter observation is consistent with the current model that canonical PxxP peptides bind to SH3 domains mostly via hydrophobic interactions (Mayer, 2001; Musacchio, 2003) . The former observation, on the other hand, suggests that the interaction between Exon10 and the Bin1 SH3 domain might be primarily mediated by a force generated by electrostatic interactions. The amphiphysin-II SH3 domain (including the Bin1 SH3 domain) has the notable feature of bearing an extensive patch of negative electrostatic potential on the surface, which largely overlaps with the dynamin PxxPbinding site (Owen et al, 1998) . Other SH3 domains, such as those of Abl and Sem5, do not have such an extensive negative patch on the surface (Owen et al, 1998) . Our NMR analysis indicated that most of the amino-acid residues within this acidic patch, Asp36, Asp38, Glu58, Asp60 and Glu61, are involved in binding to Exon10 (see Figure 3) . Consistent with this, we also showed that basic amino acids of Exon10, rather than the nonpolar residues, are necessary for its binding to the Bin1 SH3 domain (see Figure 2B) .
The PxxP motifs were originally identified as consensus SH3 ligands (Ren et al, 1993) . However, in addition to the Bin1 SH3 domain, several other SH3 domains have recently been shown to bind both to basic amino acids and the canonical PxxP sequence. For example, the SH3 domain of Gads, STAM2 and Fyn possess negatively charged surfaces and can bind to the RxxK motif present in other proteins such as SLP-76, UBPY and SAP, respectively (Chan et al, 2003; Liu et al, 2003; Kaneko et al, 2004) . On the other hand, it has also been shown that the binding of ligands to several of the SH3 domains is regulatable. For example, binding of the PxxP peptide to the Nck SH3(C) domain may be regulated by phosphorylation of the peptide (Zhao et al, 2000) . Phosphorylation of Thr780 of dynamin1, located near the PxxP motif, also blocks its binding to amphiphysin (Tan et al, 2003; Tomizawa et al, 2003) . The competitive binding of different types of PxxP ligands to the same SH3 domain may also be considered as a type of regulation of SH3 binding, as occurs in the binding of the myosin1 SH3 domain to the PxxP ligands of WIP/verprolin and WASP (Mayer, 2001) , and binding of the Cool/Pix SH3 domain to the PxxP ligands of Pak and Cbl (Flanders et al, 2003) . Moreover, regulation of binding of the p47 phox SH3(N) domain to its target p22 phox appears to be analogous to that of the Bin1 SH3 domain: it has been proposed that binding of the p47 phox SH3(N) domain is blocked by an intramolecular interaction within the p47 phox protein, and this blockage is released by serine phosphorylation of p47 phox (Ago et al, 2003; Groemping et al, 2003) . However, the underlying molecular mechanisms of the regulation of SH3 binding between p47 phox and Bin1 are different. Hence, there is no precedented demonstration of the regulation of binding of an SH3 domain by a peptide rich in basic amino acids in the same protein, as well as by phospholipids, as we have shown for the Bin1 SH3 domain.
We were interested in investigating whether this type of regulation of binding of the SH3 domain is only seen with Bin1. A search of a protein family database (Pfam, http://www.sanger.ac.uk/Software/Pfam/) indicated that the human genome encodes several proteins, which possess Figure 6 The PLCd PH domain cannot substitute for Exon10 in the function of Bin1 during T-tubule formation. C2C12 cells, starved for serum to induce differentiation (dif), were treated with a Bin1 siRNA duplex, and then infected with adenoviruses encoding HAtagged wild-type Bin1, the Bin1 swap mutant or SH3P9, as described in Materials and methods. An irrelevant siRNA duplex (irr) was used as a control. (A) Protein expression. A 30 mg portion of each cell lysate was subjected to immunoblotting analysis using antibodies as indicated. Cell lysates from parental C2C12 cells at the growing phase (gro) are also included. (B) Immunolabeling of cells. Cells were fixed and immunolabeled using antibodies against Bin1, the HA tag and caveolin3, as indicated. Differentiated C2C12 cells (parental) and differentiated siRNA-treated cells are shown in the upper panels. Distinct cell staining is observed in the upper panels. Bin1 siRNA-treated C2C12 cells expressing exogenous Bin1, the swap mutant or SH3P9 after differentiation are shown in the lower panels, in which merged images of each of the left two columns are also shown. The boxes in the lower magnification images indicate the areas shown in the higher magnification images. Representative images are shown from more than 50 cells examined in each experiment of the siRNA treatment and the cDNA transfection. Bar, 10 mm.
both an SH3 domain and a short sequence rich in basic amino acids. Such proteins include endophilin, ZO-1, DLG, HS1, Abl and SLAP. Since the SH3 domain of endophilin also binds to dynamin (Ringstad et al, 1997) , we examined whether this SH3 domain can bind to the basic amino-acid sequence of the same protein, KKLEGRRLDFDYKKKRQ. As was done with Bin1, we divided endophilin2 into two fragments: only the SH3 domain, and the rest of the entire protein, endophilin2DSH3. We, however, found that these two fragments do not bind to each other (C Kojima and H Sabe, unpublished data, 2002) . We also found that the basic aminoacid sequence of endophilin2 does not bind to the Bin1 SH3 domain (C Kojima and H Sabe, unpublished data, 2002) , indicating the specificity of the Bin1 SH3 domain.
Having found that Exon10 has dual biochemical properties, our next concern was why Exon10 must simultaneously regulate the binding of the SH3 domain of the same protein, in addition to its role in binding to phosphoinositides to be recruited to membranes. To explore this issue, we made a swap mutant of Bin1, in which Exon10 was replaced by the PLCd PH domain. Our results suggest that the property possessed by the PLCd PH domain of simply being able to be recruited to membranes by binding to PI(4,5)P 2 may not be enough to fully substitute for Exon10 function in Bin1 with regard to its role in T-tubule formation. Both Bin1 expression and the high levels of production of PI(4,5)P 2 are simultaneously induced during the differentiation of C2C12 cells, as mentioned earlier. Our results altogether indicate that the simultaneity of the binding of the SH3 domain to other proteins with its membrane localization might be important for the function of Bin1 in T-tubule formation, although we do not know the precise stepwise process as to how the complicated structures of T-tubules are built during myogenesis. Such simultaneity has also been reported with amphiphysin-I with regard to its binding to dynamin and AP-2/ clathrin in endocytosis (Farsad et al, 2003) .
In conclusion, we showed in this paper that PI(4,5)P 2 plays a crucial role in regulating SH3-mediated protein-protein interactions of Bin1, a scaffold protein involved in membrane remodeling. PI(4,5)P 2 has been shown to act as a major player in regulating protein-protein interactions of several scaffold proteins for cytoskeletal remodeling, such as vinculin, talin and ERM (Ezrin/Radixin/Moesin) (Yin and Janmey, 2003) . Production of PI(4,5)P 2 and the related phosphoinositides is tightly coupled with various intracellular processes, such as cytoskeletal remodeling and membrane remodeling. Many other types of protein-protein interactions may in fact be under the control of PI(4,5)P 2 or the related phosphoinositides, some of which are perhaps also important for the achievement of the simultaneous occurrence of different events during intracellular dynamic processes.
Materials and methods
Cells COS-7 cells were maintained at 371C in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum (FCS; Hyclone). C2C12 cells were maintained in DMEM with 10% FCS, supplemented with additional 2 mM glutamine. Differentiation of C2C12 cells was induced by culturing cells with DMEM containing 0.1% FCS, 5 mg/ ml Tfn, 5 mg/ml insulin and an additional 2 mM glutamine for 4 days, as described previously (Hu et al, 1999) .
Protein binding and immunoblotting
Preparation of COS-7 cell lysates using 1% NP-40 buffer, and protein binding assays using GST fusion proteins and glutathione beads (Amersham Pharmacia) were performed as described previously (Kondo et al, 2000) .
For PIP(4)P5K overexpression, 2 Â10 6 COS-7 cells in a 100-mm culture dish were transfected with 3 mg of pcDNA3 myc-PI(4)5Kb WT or pcDNA3 myc-PI(4)5Kb KD, together with 5 mg each of pEBGdynamin2 and pcDNA3.1/HisC-Bin1 or 5 mg each of pEBGdynamin2 and pcDNA3.1/HisC-SH3P9, using lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Control empty vectors were also used. At 24 h after the transfection, in situ crosslinking using DSP (Pierce) was performed according to a method described previously (Hü ttlmaier et al, 1998) . In brief, cells were washed twice with phosphate-buffered saline (PBS), and then incubated with 0.5 mM DSP in PBS for 30 min at room temperature. After washing once with PBS and incubating with 0.2 M glycine in PBS for 5 min, cells were lysed in 100 ml of RIPA buffer containing 1% SDS (1% Nonidet P-40, 1% sodium deoxycholate, 1% sodium dodecyl sulfate, 150 mM NaCl, 20 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 5 mg/ml aprotinin, 2 mg/ml leupeptin and 3 mg/ml pepstatin A) supplemented with 20 mM glycine and 15 U/ml DNase (Wako). After 5 min incubation on ice, the suspension was diluted with 900 ml of RIPA buffer without SDS and passed through a 23-G needle 10 times to shear DNA, and lysates were obtained by centrifugation. DSP was cleaved during boiling of the protein samples with Laemmli's SDS sample buffer.
Liposomes were made according to a method described previously (Lee et al, 2002) . His-Xpress-Bin1 proteins were expressed in COS-7 cells, and purified on Ni-NTA agarose beads (QIAGEN) according to the manufacturer's instructions by lysing cells with 1% Triton X-100 solution (1% Triton X-100, 500 mM NaCl, 20 mM Tris-HCl (pH 7.4), 0.5 mM EGTA, 2 mM MgCl 2 , 0.1% b-mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride). Recombinant proteins were then eluted with the same solution containing 100 mM imidazol, and dialyzed against a buffer (20 mM Tris-HCl (pH 7.4), 200 mM NaCl, 100 mM KCl and 1 mM EGTA). The proteins were then incubated with liposomes consisting of 70% phosphatidylcholine, 20% PS and 10% phosphoinositide or PS for 15 min at 371C in the same dialysis buffer, and then incubated with the GST-SH3 protein or a control GST protein for 2 h at 41C, both of which were produced in bacteria and purified on glutathione beads. NMR NMR analysis was performed according to a method described previously (Ikegami et al, 1998) . In brief, the Bin1 SH3 domain (amino acids 374-454) was cloned into pGEX-6P-1, to be fused inframe to the COOH-terminus of GST, and expressed in Escherichia coli in M9 medium containing 15 N-labeled ammonium chloride or 15 Nlabeled ammonium chloride plus 13 C-labeled glucose, as described previously. After purification using glutathione beads, proteins were incubated with PreScission Protease (Amersham Biosciences) at 41C for 6 h to be separated from the GST tag. The isolated Bin1 SH3 protein contained an extra GPKGSSGA sequence at its NH 2 -terminus. H-HSQC spectra were obtained at 303 K with a Bruker AV-400M spectrometer at the proton base frequency of 400.13 MHz.
siRNA-mediated interference and rescue experiments
Oligonucleotides used for the mouse Bin1 siRNA were generated as described previously (the pair 1 sequence; Lee et al, 2002 ). An oligonucleotide duplex with an irrelevant sequence was purchased from Dharmacon. A total of 2 Â10 5 C2C12 cells in a 35-mm dish were induced to differentiate by serum starvation. After 24 h, cells were transfected with 25 nM siRNA duplexes using the HVJ Envelope VECTOR KIT (Ishihara Sangyo, Osaka, Japan) according to the manufacturer's instructions, and incubated for 4 h followed by medium change. After further incubation for 20 h, cells were infected with adenoviruses bearing human Bin1 cDNA or its mutants at a concentration of 5 Â10 9 PFU/ml, and incubated for 4 h before medium change. After a further 48 h of incubation, cells were subjected to immunoblotting analysis and to immunofluorescent analysis.
The following information is described in Supplementary material: antibodies and chemicals, cDNAs and their expression, peptide binding, immunofluorescence microscopy, supplemental information of NMR analysis and Tfn uptake.
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Supplementary data are available at The EMBO Journal Online.
